Glutathione S-transferases (GSTs) compose a family of multifunctional enzymes involved in the numerous aspects of regulating plant growth, development, and stress response. An in silico genomewide analysis of pepper (Capsicum annuum L.) was performed to identify eighty-five GST genes that were annotated according to their chromosomal location. Segmental duplication contributed more than tandem duplication for the expansion of GST gene family in pepper. All the identified members belong to ten different classes which are highly conserved among Arabidopsis, rice, tomato and potato counterparts indicating the pre-dicot-monocot split diversification of GST classes. Gene structure, protein domain, and motif organization were found to be notably conserved over the distinct phylogenetic groups, which demonstrated the evolutionary significant role of each class. Expression of most of the CaGST transcripts as well as the total pepper GST activity was found to be significantly upregulated in response to cold, heat, drought, salinity and osmotic stress conditions. Presence of various hormone and stress-responsive cis-elements on most of the putative CaGST promoter regions could be directly correlated with the alteration of their transcripts. All these findings might provide opportunities for future functional validation of this important gene family in pepper.
Results
Identification and nomenclature of GST genes in Capsicum annuum. Eighty-five full length genes encoding putative GST proteins were identified in C. annuum and classified into ten classes: tau, phi, theta, zeta, lambda, EF1Bγ, DHAR, TCHQD, MGST, and GHR. The tau and phi classes are found to be the most abundant with 59 and 6 members, respectively ( Table 1 ). The length of the CaGST transcripts ranged from 306 bp (CaGSTU29) to 14430 bp (CaGHR1), whereas the deduced proteins are 101 to 361 amino acids long. The molecular weight (MW) of the CaGST proteins vary from the lowest 11.62 kDa (CaGSTU29) to the highest of 74.94 kDa (CaGSTF5). However, the predicted pI values ranged from 5 to 9. The average length, MW, and pI of the CaGST proteins were found to be 230 aa, 26.3 kDa and 6.5, respectively ( Table 1 ). Most of the CaGST proteins were predicted to be localized in the cytoplasm, followed by chloroplast, mitochondria, nucleus, extracellular space, and plasma membrane. Secondary structure analysis showed the presence of a higher percentage of α-helix in CaGST proteins as compared with β-sheets (Table S1 ). The percentage of the extended strand was fluctuating widely among the CaGST proteins, in a range of 10 to 28%. Glycosylation analysis showed that 40 CaGST proteins have a potential N-glycosylation site, whereas CaGSTF5 and CaGHR1 possess the highest number of predicted glycosylation site with seven and five, respectively (Table S2 ).
Genomic organization of the pepper GST gene family. All the CaGST genes are distributed randomly and unevenly in all the 13 chromosomes of pepper ( Fig. S1 ). Chromosome 9 is the most densely populated with fifteen genes (17.6%), followed by ten genes each in chromosome 7 and 0, then nine genes each in chromosome 2 and 11 ( Fig. S1 ). A total of sixteen gene clusters were observed on 12 different chromosomes. Among these clusters, eleven were formed among tau members, one each was for the theta and GHR cluster. Twenty-four sets of CaGST proteins appeared to be ≥80% similar, that indicates the possible gene duplication events among these genes (Table S3 ). A maximum of nine duplicated GST genes were located in chromosome 7, followed by six in chromosome 9 and five in chromosome 11. Out of the twenty-four gene pairs, twelve pairs were found as tandemly duplicated, whereas rest twelve pairs appeared as segmentally duplicated. Furthermore, the substitution rate of non-synonymous (d N ) and synonymous (d S ) ratios were calculated to investigate the selective constraints on the duplicated CaGST gene pairs, where values >1, <1, and equal to 1 implies positive selection, purifying selection, and neutral selection, respectively. All the identified duplicated CaGST gene pairs showed the d N /d S value less than 0.7, signifying the influence of purifying selection behind the evolution of these gene pairs. Moreover, the estimated divergence time of the duplicated gene pairs varies from 1.18 Mya to 17.84 Mya (Table S3 ). Identification of the exon-intron organization of 85 CaGST genes revealed a group-specific exon/ intron patterns within each GST class. A similar type of exon/intron number and length were notable in the Continued www.nature.com/scientificreports www.nature.com/scientificreports/ phylogenetically related members ( Fig. 1 ). The tau-class CaGSTs typically contained one/two exons, while phi GST genes contained two to five exons in its gene structure ( Fig. 1 ). CaGSTZ1, CaGSTL1, and CaGSTL4 contained the maximum number of nine introns and ten exons, followed by 9 exons in CaGSTL2, 8 exons in CaGSTL3, 7 exons in CaGSTT2, CaGSTT3, CaGSTT4 and CaDHAR1 (Fig. 1 ). An interesting pattern of intron distribution was observed among the putative paralogous members. Most of the paralogs showed same number and similar sized intron such as gene cluster of CaGSTU13, 46, 42 and CaGSTU23, 44, 45;  while some of them showed intron gain/loss phenomenon as compared with their paralogs (CaGSTU26 and 30, CaGSTL3 and 4, CaEF1Bγ1 and 2, CaGHR1 and 2, and CaDHAR1 and 2). Few of them showed partial deletion of exon such as CaGSTU54 and 56 as compared with their two paralogs-CaGSTU57 and 58 (Fig. S2A ), while some others showed exon duplication such as CaGSTU14 and CaGSTU47 (Fig. S2B ).
Domain architecture analysis showed that 60 out of 85 CaGST proteins contained two conserved GST domains, namely, N-terminal and C-terminal ( Fig. S3 ). Only one N-terminal domain present in 22 CaGSTs, whereas only C-terminal domain present in 3 CaGST proteins (CaGSTU13, CaGSTU43, and CaGHR2). Additional distinct EF1Bγ domain (PF00736) was found to be present in the CaEF1Bγ1 and CaEF1Bγ2 proteins, while the MAPEG domain (PF01124) was present only in CaMGST1 protein. Analysis of conserved motifs of CaGST proteins identified ten distinct motifs (Table S4 , and Fig. S4 ). Among them, four motifs are located in the N-terminal GST domain, while the rest six reside in the C-terminal GST domain of the proteins. Motif3 is found to be present in the N-terminal of 65 proteins; followed by motif 1, motif 4, motif 2, motif 7, and motif 5 with 58, 57, 55, 53 and 51 sites, respectively. Interestingly, lambda class specific pattern was shown by motif 9, while motif 10 was present only in four tau class members (CaGSTU1, CaGSTU20, CaGSTU21, and CaGSTU22). Among others, motif 6 and 8 were present in 44 and 16 CaGSTs, respectively. The lowest number of one motif (either motif 4 or 8) is present in CaGSTZ2, CaGSTL2, CaEF1Bγ2, CaMGST1, CaGHR2, and CaGHR3. www.nature.com/scientificreports www.nature.com/scientificreports/ Phylogenetic analysis of GST proteins. The evolutionary relationship of GST family members was predicted by comparing them to different plant species. A total number of 401 full length GST protein sequences from five different plant species-pepper, Arabidopsis, rice, tomato, and potato were aligned to create an unrooted maximum likelihood phylogenetic tree (Fig. 2 ). All these CaGST proteins were found to be closely associated with an individual class of GSTs. Most classes formed a monophyletic group with very few exceptions of OsGSTU32, CaGSTU10, and SlGSTT1 (Fig. 2) . The tree clearly suggested that the largest and most abundant class of GST is tau (brown circle) with 59, 52, 28, 57 and 66 members in pepper, rice, Arabidopsis, tomato, and potato; respectively. All these tau members are distributed in 6 different small clades under a large superclade, which indicates the presence of internal variation among these tau members. Similarly, the second largest clade is formed by the phi members with a green rectangle. The clustering of same classes of GST from five plant species demonstrates that the presence of all these GST individual classes during the divergence of plants followed a species-specific gene duplication. The major divergences that divided the family into 10 individual classes might occur in the common ancestor of all the investigated species.
Molecular evolution of Capsicum and tomato GST family.
To investigate the lineage-specific expansion of GST genes in Capsicum and tomato genome, a phylogenetic analysis was performed using the GST protein sequences from Capsicum and tomato. A total of 85 Capsicum and 90 tomato GSTs fell into ten distinct classes. The divergence point between Capsicum and tomato were labeled with circles on certain specific nodes of the www.nature.com/scientificreports www.nature.com/scientificreports/ phylogenetic tree that represents the most recent common ancestral (MRCA) genes before the split (Figs S5-S10). Most of the MRCA have a member from both the species, while some of them have representation from either Capsicum or tomato, indicating a subsequent loss in tomato and Capsicum genome, respectively. There were at least 55 MRCA for tau GST genes between Capsicum and tomato out of a total of 59 and 57 members, respectively ( Fig. 3 ). After the split, Capsicum gained 17 genes and lost 13 genes, resulting in the 59 tau GST genes; while tomato gained 13 genes and lost 11 genes, resulting in 57 tau genes. For phi GST, there are at least 7 MRCA between Capsicum and tomato ( Fig. 3 ). After the split, both of them lost one member without any gain, resulting 6 phi members in each species (Fig. 3) . Similarly, two genes have been lost from 6 MRCA of theta GST to result in 4 existing members in each species.
For zeta, lambda, EF1Bγ, and GHR GSTs, there are at least three ancestral genes in the MRCA analysis of Capsicum and tomato (Fig. 3) . After the split, both Capsicum and tomato lost one zeta member without any gain; no loss with one gain for Capsicum and three gain for tomato lambda GST; one loss without gain for Capsicum and two loss with two gain for tomato EF1Bγ GST; and no loss/gain for Capsicum and one loss without any gain for tomato GHR GST genes. For DHAR GST, the MRCA of Capsicum and tomato had at least two ancestral members (Fig. 3) . After the split, there was no gain/loss event in Capsicum, while four genes have been gained by tomato. For TCHQD GST and MGST classes, there were no identifiable gene gain or loss events after the split of these two species (Fig. 3 ).
Expression analysis of CaGST transcripts in different tissues. To investigate the putative roles of
CaGST genes in C. annuum growth and development, expression of all the identified CaGST genes were analyzed in the 57 different tissues and organs based on the RNA-seq data. All these tissues could be broadly represented Figure 2 . Phylogenetic analysis of GST proteins. GST proteins from five species-pepper, tomato, potato, Arabidopsis, and rice were used to construct an unrooted phylogenetic tree using MEGA Maximum-likelihood method with 1000 bootstraps. GST members from tau, lambda, zeta, DHAR, theta, GHR, TCHQD, phi, MGST, EF1Bγ classes were marked with red, green, cyan, blue, violet, gray, coral, yellow, pink, royal blue; respectively. Members of each class formed different clades with few exceptions.
www.nature.com/scientificreports www.nature.com/scientificreports/ into nine major organs/stages: seedlings, flower, petal, ovary, anther, fruit, pericarp, seed, and placenta. The analysis revealed a differential pattern of expression for different CaGST transcripts depending on the type of tissues and organs (Fig. 4) . Based on the differential expression patterns, all these genes could be classified into three groups: a) Some CaGSTs showed extremely low levels of expression in almost all tissues and organs, b) Some CaGSTs exhibited low to medium levels of expression among different organs/tissues, and c) Some were highly expressive across all the tissues of the entire life cycle. Among all, CaDHAR2 and CaEF1Bγ1 showed the maximum level of expression in all the tissues, while other members of this clade such as CaGSTF3, CaGSTU31, CaGSTU24, CaGSTU3, CaGSTT3, CaGSTL2, CaGSTU12, CaGSTL3, CaGSTU32, CaGSTT4, CaMGST1, and CaGHR1 exhibited a high level of expression in most of the tissues (Fig. 4) . Notably, two clusters of GST genes www.nature.com/scientificreports www.nature.com/scientificreports/ from CaGSTU51 to CaDHAR1 and from CaGSTU5 to CaGHR3 (Fig. 4 ) maintained a medium to high levels of expression in all the analyzed tissues. Interestingly, some of the members showed a highly tissue-specific expression, such as CaGSTU41 showed a low level of expression in pericarp, seed and placental otherwise the level is high in other tissues; CaGSTU28 and CaGSTF1 possessed only flower-specific expression; expression of CaGSTU56 raised significantly in seed and placenta; and the cluster of CaGSTU5 to CaGHR3 showed a high level of seedling specific expression ( Fig. 4) . Thus, different GST transcripts might have different developmental and tissue-specific regulation to maintain their specific localized or ubiquitous function.
Transcript analysis of CaGSTs in response to various abiotic stresses.
To identify the abiotic stress-responsiveness, expression profiling of all CaGST transcripts were further analyzed in response to five different abiotic stresses viz. cold, heat, drought, salinity and osmotic using the Illumina RNA-Seq data (Fig. 5 ). Transcriptome profiling was performed in the leaf and root tissue of hot pepper at six different time points such as 1 h, 1.5 h, 3 h, 6 h, 12 h, and 24 h. Most of the genes showed a different level of upregulation with few downregulation events. As compared with the leaf samples (Fig. 5A) , the genes showed more upregulation in the root samples ( Fig. 5B ) as root is one of the first organs to perceive the adverse conditions. A large cluster of genes (CaGSTU55 to CaEF1Bγ2) showed a minimum alteration in response to all these stresses in both the leaf and root tissues. CaGST transcripts was analyzed in 57 developmentally diverse tissues using the RNA-seq data. All these tissues could be categorized into nine major stages, such as seedlings, flower, petal, ovary, anther, fruit, pericarp, seed, and placenta. Heatmap with hierarchical clustering was performed using the expression values in MeV software package with Manhattan correlation. The highest level of expression is represented by dark blue (100%), while the low level is presented as white (0%). Thus, the intensity of the color in the heatmap is directly proportioned to the transcript abundance of each member.
www.nature.com/scientificreports www.nature.com/scientificreports/ Two clusters of genes; one from CaGSTF3 to CaMGST1, and another from CaGSTU2 to CaGSTU48, showed the maximum upregulation in the root against all these stresses (Fig. 5B) , while there is no such unique pattern of upregulation in the leaf (Fig. 5A) . Moreover, there are a few stress-specific transcript alteration events in the root (Fig. 5B ) such as CaGSTU1 showed cold and oxidative stress-specific upregulation; a cluster of CaGSTU15 to CaGSTU46 showed heat-specific downregulation; and CaGSTF2, CaGSTU51, and CaGSTU54 exhibited cold-specific upregulation. Likewise, a cold specific upregulation for CaGSTU25 and CaGSTU34; and drought and salinity specific upregulation for CaGSTU11 and CaGSTU44 was observed in the leaf samples ( Fig. 5A ).
Stress-responsive alteration of total GST activity.
In order to validate the abiotic stress specific up-regulation of the majority of CaGST transcripts, the total GST activity was measured in response to the same abiotic stress conditions-cold, heat, drought, salinity, and oxidative; and compared with the respective untreated control conditions (Fig. 6 ). As shown in Fig. 6 , a strong positive induction of GST activity was observed in response to all these stress treatments. GST enzyme activity enhanced significantly in response to heat, cold, salt, and oxidative stresses as compared with their untreated (0 h) sample (Fig. 6) . A gradual enhancement of GST activity with time was observed for heat, cold and salt stresses, while total GST activity under oxidative stress reached a maximum level within 12 h of stress imposement, and maintained the level until 24 h observation period (Fig. 6F) . Among all these stresses, drought showed minimum induction with a slow rate over the time (Fig. 6D) . However, the level of total GST activity in the untreated control sample remains almost similar within the 24 h experimental period (Fig. 6A ).
Presence of Cis-elements in the CaGST promoters.
To understand the tissue-specificity or stress-responsive transcriptional regulation of CaGST genes, the 1000 bp 5′ upstream region from the transcriptional start site (ATG) was retrieved and scanned through PlantCARE database for the identification of important cis-regulatory elements. The promoters possessed several cis-elements that confer hormone and stress response. We have identified the presence of seven hormone-related such as abscisic acid-responsive (ABRE), auxin-responsive (AUXRR-core), ethylene-responsive (ERE), gibberellin-responsive (GARE and P-box), salicylic acid-responsive elements (TCA-element) and MeJA-responsive element (TGACG-motif); seven defense and stress-responsive elements such as fungal elicitor-responsive (Box-W1, W-Box), heat stress-responsive (HSE), low-temperature-responsive (LTR) elements, MYB binding site involved in drought-inducibility (MBS), stress responsiveness (TC-rich repeats), and wound-responsive element (WUN-motif); and one transcriptional enhancer (pyrimidine-rich motif) (Fig. 7) . The upstream region of most CaGST members contained at least one hormone-related and one stress-related element. The top four abundant elements involved in the hormone and stress responses are -MBS element with 85 instances, 83 instances of the defense and stress-responsive element (TC-rich repeats), 64 instances of HSE element and 63 instances of TCA element (Table S5 ). The promoter of CaTCHQD contains the highest number of 15 cis-element, followed by the promoter of CaGSTU26 with 13 members. Whereas the minimum number of one cis-regulatory element was positioned in the promoter of CaGSTU51 and CaMGST1, followed by the promoter of CaGSTU7 and CaGSTU8 with 2 motifs (Fig. 7) . Presence of such diverse type of hormone and stress-inducible cis-elements could be directly correlated with the positive alteration of the CaGST transcripts ( Fig. 5 ) and total GST activity ( Fig. 6 ) under various abiotic stress conditions.
Discussion
Hot Pepper (C. annuum) is one of the most economically important, nutritious and world-wide grown spicy vegetable 37 . Various environmental stresses including salt, wind, cold, temperature, drought, humidity and osmotic stress cause a serious threat and thus, constrain the total production of pepper 38 . Water deficit notably diminishes the final fruit production in Capsicum chinense by interfering with the process of flowering and fruit development 39 . Much focus has been given in recent years to understand the stress responses and adaptation mechanisms of pepper by identifying many of the master regulatory genes [40] [41] [42] . GSTs are a promiscuous enzyme family that plays a vital role in the growth and development as well as stress management. A comprehensive genome-wide exploration identified a total of eighty-five CaGST gene members (Table 1 ) with at least one conserved GST domain (Fig. S3 ). The number of identified GST genes are higher in pepper as compared to most other species; Figure 6 . Measurement of total GST activity in response to various abiotic stresses. Total GST enzyme activity was measured in response to various abiotic stresses such as cold, heat, drought, salinity, and oxidative at four different time points of stress exposure. The activity was represented as nmoles/min/mg protein. All the experiments were repeated thrice and represent as the average ± standard deviation (n = 3). The significance level of the paired student's two-tailed t-test is represented as * and ** with a p-value less than 0.05 and 0.01; respectively. but fewer than barley, tomato, potato and soybean 14, 15, [22] [23] [24] [25] [28] [29] [30] [31] [32] [33] 36, 43, 44 . Among the ten identified classes of CaGST, tau is the most abundant class, followed by phi ( Table 1 ). The almost similar pattern of tau and phi dominance was observed in other plant species; and thus, termed as plant-specific GSTs 15, 45 . In spite of the ubiquitous abundance of the tau class in tracheophytes (25-62 copies), they are completely missing in Physcomitrella patens and green algae 35 . The possible reason behind the tau and phi class-specific expansion might be their substantial functional influence on the xenobiotics metabolism and stress tolerance against both pathogens and environmental factors 35, [46] [47] [48] .
The expansion of a gene family occurs mainly through three evolutionary mechanisms such as tandem duplication, segmental duplication, and transposition 41 . Due to the polyploidy nature of most plants, segmental duplication occurs frequently as compared with the other two means. The members of CaGST gene family arises largely due to several rounds of tandem and segmental gene duplications. Among the 59 tau GSTs in Capsicum, sixteen (27%) were created by segmental duplication and fourteen (23%) by the tandem duplication event, indicating that segmental duplication has the major contribution for the rapid expansion of the tau GSTs in Capsicum (Table S3 ). Apart from that, gene clustering also played an important role in the family expansion where 52 out of 59 CaGSTUs (88%) were presented in the eleven clusters on eight chromosomes (0, 1, 2, 3, 7, 8, 9 and 11). Similarly, 3 out of 4 theta GST (75%), 3 out of 3 DHAR GST (100%), 2 out of 4 lambda GST (50%), 2 out of 6 phi GST (33%) formed one cluster each (Fig. S1 ). This indicates a major contribution of tandem clustering towards the expansion of gene members in each class. Interestingly, different GST proteins from the same genomic cluster showed distinct variation in their enzymatic activity, catalytic efficiency, substrate affinity, and specificities 34, 35 . The reasons behind these extensive tandem duplication event in GST gene family with the diverse kinetic property are still unknown.
Most CaGST genes shared a similar exon-intron structure within the same phylogenetic group (Fig. 1) , indicating that the evolution of GST domains may be closely related to the diversification of gene structure. Gene structure analysis showed variation in the presence of exon number in various CaGST genes. The number of exons varied from one to a maximum of ten in CaGST genes, where the majority of them were single exonic ( Fig. 1) . Likewise CaGSTs, the presence of nine introns was reported previously for tomato and potato GST genes 28, 36 , while a maximum number of 16 and 14 were reported in Vigna radiate and Chinese cabbage, respectively 49, 50 . Previous reports suggested that introns influence and enhance the expression of a gene in a eukaryotic organism, which has been experimentally validated with heterologous gene expression in Arabidopsis thaliana 51, 52 . The clustering of most intronless or intron-containing genes into the same group (Fig. 1) , suggested that this may be a unique feature of the evolution of pepper GST gene family. Due to the less selection pressure, intronic sequences possess a higher rate of gain and loss as compared with exonic sequences 53 . In two of the five segmentally duplicated rice gene pairs showed intron gain event 53 . An interesting study of 612 pairs of paralogs from seven representative gene families and 300 pairs of orthologs from different species, concluded that orthologs are more conserved with significantly fewer structural changes as compared with paralogs of similar evolutionary time 54 .
Phylogenetic analysis revealed that CaGSTs were closely allied to the same class of GSTs of four other plant species-tomato, potato, Arabidopsis, and rice (Fig. 2 ). This suggested that the evolution and divergence of each GST classes have happened before the split of monocot and dicot. However, CaGST members are more closely related to the tomato and potato as compared with Arabidopsis and rice counterparts, reflecting the fact that pepper, tomato, and potato belong to the same superfamily of eudicots and diverged more recently from a common ancestor 37 . Orthologous gene-based phylogenetic analysis of grape, papaya, pepper, tomato, potato, and Arabidopsis genome concluded that pepper has been separated from tomato and potato ∼36 Mya ago 55 . Thus, pepper GSTs were compared with that of tomato to elucidate the lineage-specific expansion and genome diversity among these two species (Fig. 3) . Thirteen clades contained only CaGST and seven clades contained only tomato GST (Figs S3-S10), indicating that gene loss might have occurred in these clades. The number of clades indicated that there were at least 85 ancestral GST genes before the Capsicum-tomato split (Fig. 3) .
Extensive expression analysis revealed the developmental stage and tissue specific transcript alteration of CaGST genes (Fig. 4) . Similarly, nine genes were expressed ubiquitously, ten showed root specificity and two www.nature.com/scientificreports www.nature.com/scientificreports/ expressed in leaves out of 37 tau GST of Sorghum bicolor 56 . Six sunflower GST genes were mainly expressed in leaves, four in seeds and two each in flowers and roots out of a total of 14 identified members 32 . In addition to the developmental alteration, expression of GST genes also showed significant variation in response to adverse environmental conditions (Fig. 5 ). Plants exposure with various abiotic stresses such as cold, heat, drought and salt resulted in the enhancement ROS level and thus, caused oxidative stress 57 . Tau GSTs could protect the cell by enhancing the detoxification of herbicides such as atrazine, metolachlor, flurodifen, and thiocarbamates 58 and maintaining higher GST activity under salinity and oxidative stress 19 . JrGSTT1 enhanced chilling stress tolerance of Juglans regia by protecting oxidative enzymes, scavenging ROS, and elevating the expression of several stress-related genes 59 . Upregulation of most of the SlGST transcripts in response to multiple abiotic stresses could be directly harmonized with the enhancement of total GST activity under similar conditions 36 . Similarly, upregulation of 6 HaGSTs (HaGSTU1, U2, U5, U6, F2, and Z1) expression showed a significant positive correlation with the changes in their respective GST activity 32 . The present study also found the positive relationship between the GST transcript upregulation and enzyme activity in pepper against four abiotic stresses and oxidative injury (Fig. 6) . Heterologous expression of one of the sweet orange tau GST or JrGSTT1 in tobacco enhanced tolerance against herbicide, salinity, chilling and drought stresses 56, 59 . Several stress-responsive motifs were identified in the putative promoter region of CaGST genes (Fig. 7) . Cis-acting elements played important to control/regulate the expression of genes and thus, modulating plant response against stress and developmental changes 60 . Two commonly present abiotic stress-inducible cis-acting elements, dehydration-responsive element (DRE) and ABRE are found to be interdependent in the ABA-responsive expression of Atrd29A gene 60, 61 . Similarly, the presence of two putative low-temperature responsive cis-elements in the 5′-proximal region of BN115 gene was found to be indispensable for its cold-induced expression in Brassica napus 61 . The highly abiotic stress responsive genes of the present study such as CaGSTF3, CaGSTL2, CaGSTL3, CaEF1Bγ1, and CaGSTU44, showed the presence of a variable amount of HSE, MBS, TC-rich repeat, and LTR motifs (Figs 6, 7 ). All these common motifs might work synergistically depending on the type of stress to induce the expression of a maximum number of stress-responsive genes.
Taken together, our results provide a comprehensive analysis of the GST gene family in pepper. Sequence and phylogenetic analysis of GST from five different plant species revealed the evolutionary conservation of each class of GST proteins. A close relationship between the expression and activity of GST with plant stress tolerance established GST as a major stress biomarker for the plant.
Materials and Methods
Sequence retrieval, analysis, and annotation. To retrieve all GST members in pepper, previously reported rice and Arabidopsis GST protein sequences from each class was taken as a query in the blastp search with the default parameters (e-value10 −10 ) against the Pepper Genome Protein Database (release 2.0) (http:// peppersequence.genomics.cn; http://public.genomics.org.cn/BGI/pepper/) and Sol Genomics Network (SGN) (https://www.solgenomics.net/). Sequences were then analyzed through the NCBI conserved domain database (https://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi) to identify the individual class of each identified members. Detailed information about the locus name, CDS coordinate (5′-3′), length of the transcript and peptide were collected from the Pepper Genome Database (http://pepperhub.hzau.edu.cn/pegnm/) and Sol Genomics Network (SGN). The ProtParam tool (http://www.expasy.org/tools/protparam.html) was used to calculate various physiochemical properties like molecular weight and theoretical isoelectric point (pI) of the identified proteins. The secondary structure of GST proteins was predicted using the SOPMA (Self-Optimized Prediction Method with Alignment, https://npsa-prabi.ibcp.fr/cgi-bin/npsa_automat.pl?page=/NPSA/npsa_sopma.html). Moreover, N-glycosylation sites were identified using NetNGlyc 1.0 server (http://www.cbs.dtu.dk/services/ NetNGlyc/). Furthermore, subcellular localization was predicted using the CELLO version 2.5 (http://cello.life. nctu.edu.tw/), pSORT (http://www.genscript.com/wolf-psort.html) and ChloroP server (http://www.cbs.dtu.dk/ services/ChloroP/). Pfam (http://pfam.xfam.org/) was used to assess the conserved GST_N and GST_C domains in all the identified members. Domains were graphically depicted using the software 'Illustrator for Biological Sequences' (version 1.0.2). The conserved motifs of CaGST proteins were identified using the online MEME server (http://meme-suite.org/tools/meme).
Chromosome localization, gene structure and duplications. The physical location of CaGST genes was collected from the Pepper Genome Database and the positions of these CaGST genes were plotted to thirteen C. annuum chromosomes. Exon-intron structure of CaGST genes was obtained by gene structure display server (http://gsds.cbi.pku.edu.cn/) using the corresponding genomic and CDS sequence. Duplication events were predicted by blastp search (e-value10 −10 ) with ≥80% sequence identity in the Pepper Genome Database 62 . Two or more homologous genes within 100 Kb region on the same chromosome were considered as tandemly duplicated (TD) 62 , while those located beyond 100 kb region were designated as segmental duplication (SD). Synonymous rate (d S ), non-synonymous rate (d N ), and evolutionary constraint (d N /d S ) between the duplicated CaGST gene pairs were analyzed using the PAL2NAL online tool (http://www.bork.embl.de/pal2nal/). Divergence time (T) of each duplicated gene pairs was calculated using the formula: (T = d S /2λ), where λ is considered as a fixed rate of 1.5 × 10 −8 substitutions per site per year for dicotyledonous plants 63 .
Phylogenetic analysis. To analyze the evolutionary relationship, GST protein sequences from five different species-Capsicum annuum, Arabidopsis thaliana, Oryza sativa, Solanum lycopersicum and Solanum tuberosum were obtained from respective genome database and class information was gathered from the previously published literatures 14, 15, 28, 36 . The phylogenetic tree was constructed using the default parameters of the maximum likelihood method in MEGA 7 software with 1000 bootstrap replicates. The James Taylor Thornton (JTT) substitution model was set with the site coverage cutoff of 95%. To investigate the lineage-specific expansion of GST
